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wind turbines are systematically studied for different soil properties and foundation

ond modes of a gravity foundation-supported offshore wind turbine are studied.
An offshore wind turbine supported by a monopile foundation is then investigated
to clarify the characteristics of modal damping ratios and modal frequencies for the
monopile foundation. The soil parameters are identified by means of genetic algo-
rithm (GA). Predicted modal damping ratios and modal frequencies as well as modal
shapes show good agreement with the field measurements for both foundations.
Finally, a sensitivity analysis study is carried out to investigate the effects of soil prop-
erties and foundation types on modal damping ratios. For the gravity foundation-
supported offshore wind turbine, soil properties affect the modal damping ratio of
the second mode largely, but affect that of the first mode little, while for the
monopile-supported offshore wind turbine, soil properties affect the modal damping
ratios of the first and second modes significantly. Predicted natural periods and modal
damping ratios of the first mode for both foundations by a pair of simple models
agree well with those by numerical models.
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1 | INTRODUCTION

The modal damping ratio is the ratio of actual damping to critical damping, which is crucial to characterize the dynamic behavior of offshore wind tur-
bines and is widely used by simulation software in wind turbine engineering, such as Bladed® and FAST.? The modal damping ratios of wind turbines
are usually determined according to the recommendations in the design guidelines. However, as mentioned in Oh and Ishihara,® the recommended
values of the structural damping ratios vary largely among different design codes, such as ASCE and AWEA,* JSCE guidelines for design of wind tur-
bine support structures and foundations,” IEC61400-1,° and German guideline for wind turbines.” They explained that this variation depends on wind
turbine sizes and proposed an empirical formula of the structural damping ratios of the first mode for wind turbines with steel towers, based on a 65-

kW wind turbine,® a 400-kW wind turbine,” and a 2.4-MW wind turbine.® One problem is how to evaluate the modal damping ratio of the first mode
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because the soil property such as S-wave velocity and Poisson ratio may affect that. Another problem is the lack of experimental data for the modal
damping ratios of the second mode of wind turbines, since the frequency of the second mode is usually in the range where it is difficult to excite by
human excitations or emergency stops.

Recently, modal damping ratios of offshore wind turbines have been studied by means of field measurements. Oh and Ishihara® performed a
series of excitation tests on a 2.4-MW offshore wind turbine supported by a gravity foundation using an active mass damper, which measured
modal frequencies, modal damping ratios, and modal shapes of both first and second modes. The results of excitation tests show that the modal
damping ratio of the first mode is 0.2%, while that of the second mode is 2.4%. They explained that the modal damping ratio of the first mode is
nearly equal to structural damping ratio of the first mode, assuming the contribution from the soil under the gravity foundation to the modal
damping ratio of the first mode is negligible because the soil underneath the foundation is stiff rock, but they did not explain why the modal
damping ratio of the second mode increases. They also predicted the modal shapes of the first and second modes by a fixed-foundation model
(FF model) and compared with those measured by five accelerometers. The predicted modal shape presented favorable agreement with the mea-
surement for the first mode, but illustrated difference near the foundation for the second mode.

For piled offshore support structures, GL® summarized the studies by Cook and Vandiver'* and Tarp-Johansen et al'? and recommended that the
overall damping was in the range of 0.8% to 1.2%, which was defined as the summation of material damping of steel and soil damping due to inner soil
friction. Recently, the signals during emergency shutdown of offshore wind turbines supported by monopile foundations were analyzed to estimate
the modal damping of the first mode after subtracting aerodynamic and hydrodynamic damping. The modal damping ratio of the first mode was found
in the range of 0.85% to 1.19%, which includes the contribution from structural damping and soil damping and is within the same range as shown in

I*® mentioned that the structural

GL.X° The contribution of soil damping is back-calculated after assuming structural damping ratio. Damgaard et a
damping ratio was 0.19% and the soil damping was 1% for the first mode, while Shirzadeh et al ** assumed that the structural damping ratio was
0.6% and the soil damping was 0.25% for the first mode. Obviously, the structural damping ratio of the first mode in Damgaard et al*3 is close to that
measured by Oh and Ishihara (2018)° fora gravity foundation, but that in Shirzadeh et al** is not. This indicates that the structural damping ratio of the
first mode for the steel tower is independent on the type of foundation and has a value as shown by Oh and Ishihara.®

In this study, modal damping ratios of offshore wind turbines are systematically studied for different soil properties and foundation types.
Numerical models for the gravity and monopile foundations, eigenvalue analysis, free decay analysis, and GA-based identification are described
in Section 2. The modal damping ratios of the first and second modes as well as modal frequencies and modal shapes for a 2.4-MW offshore
wind turbine supported by the gravity foundation and a 3-MW offshore wind turbine supported by the monopile foundation are then investi-
gated and compared with those obtained from the field measurements in Section 3. Finally, a sensitivity analysis study is carried out to investi-
gate the effects of soil properties and foundation types on modal damping ratios for the first and second modes and a pair of simple models to
predict the natural periods and modal damping ratios of the first mode for offshore wind turbines are evaluated in Section 4. Conclusions are

given in Section 5.

2 | NUMERICAL MODEL

Numerical models for the gravity and monopile foundations are given in Sections 2.1 and 2.2, eigenvalue analysis and free decay analysis are
described in Sections 2.3 and 2.4, and GA-based identification is defined in Section 2.5.

2.1 | SR model for gravity foundation

The gravity foundation-supported wind turbine is modelled by sway-rocking model (SR model) as shown in Figure 1. In SR model, the rotor-
nacelle assembly is modelled with a lumped mass and connetted to the tower top by using a rigid beam. The tower and the substructure are
modelled with the lumped masses and the Euler-Bernoulli beam elements. The number of tower beam elements is 24, which follows the sugges-
tion of JSCE.> All lumped masses and beam stiffnesses are determined according to the real wind turbine. The structural damping ratio of the first
mode is determined according to the empirical formula proposed by Oh and Ishihara (2018).2 The structural damping ratio of the second mode
uses the same value as that of the first mode as recommended by JSCE.” The gravity foundation is modelled by a lumped mass at the ground level
and connected to the substructure base by using a rigid beam, and the soil-structure interaction is modelled by a pair of springs and dashpots in
the sway and rocking directions at the ground level. This study focuses on the modal damping ratios for the dynamic analysis under wind and wave
conditions. The modal damping ratios of the first and second modes are investigated by using linear soil springs and dashpots for each case. The
structural damping ratios for higher modes can be calculated using Rayleigh damping model. The same idea is used for the monopile foundation as
shown in Section 2.2.

The spring stiffness values and dashpot damping values for the sway motion (Ks, Cs) and for the rocking motion (Kg, Cr) are calculated by the
nondimensional dynamic impedance Kjo(w) as

Kio(w) = Ki§* + K8, (1)
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where K;ga' and K;{)“ag are the real and imaginary parts of Kjo(w) and j = S and j = R express the sway and rocking motions, respectively. w is the

\/mrd
5 0, ro = /A/m, and A is the area of foundation. G, is the equivalent shear stiffness of layered soil and is derived by

using Cone model® as Equation (4). The cone model was used for the dynamic response of slab footings on an unlayered soil (homogeneous

circular frequency, Lo =

half-space) as shown in Meek and Wolf'® and on a soil layer resting on rigid rock as shown in Meek and Wolf.*® The cone model has been

extended to multiple soil layers on the elastic bedrock and widely used in seismic engineering as shown in JSCE.®

Ge = BGa1. 4)
Here,
. 2
: - ] _ i 1-2(Ve:/Vo:
Bn = ,,; aj = <g>z'27'1(i =1,2,..,n-1), ap = <&>Zn Lz = ﬂroﬂ, zi=20+3h, G =pV2, u= (;'/P')z
S (1/a) G1)20(zi - zi-1) G/ 20 8 1 ’ 2{1— (Vsi/Ve)) }
i1

where p;, u;, Vs, Vp;, and h; are the soil density, Poisson ratio, S-wave velocity, P-wave velocity, and height of ith layer (i = 1,2,...,n), respectively.

Kjrga' and K}(Tag are calculated based on the theory of dynamic ground compliance (DGC) proposed by Kobori.'” The detail information about

how to use DGC to calculate K}Sa' and K;[)“ag can be seen in AlJ.18 Figure 2 shows the relationship of nondimensional dynamic impedance and fre-

L . . . . . .
quency (ag = %, Vse = \/Ge/Pe, Pe = p1) for the case with a Poisson ratio of 0.35 (u. = u1), a damping ratio of 2%, and an aspect ratio of 1.00.
Se

Note that a reduced shear modulus and an increased soil damping should be considered when the soil strain increases. The initial shear mod-
ulus and the minimum soil damping of 2% shown in JSCE® are used in this study since the loading levels in the excitation tests® are low, which is
consistent with the recommendation in DNVGL.2 The contribution of soil damping caused by the high loading level is not discussed in this paper,

but it can be considered similarly by using the reduced shear modulus and the enlarged damping as recommended in JSCE.®
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2.2 | Winkler model for monopile foundation

The monopile foundation supported wind turbine is modelled by a Winkler model, as shown in Figure 3. In Winkler model, the rotor-nacelle
assembly is modelled with a lumped mass and connetted to the tower top by using a rigid beam. The tower and the pile are modelled with the
lumped masses and the Euler-Bernoulli beam elements. The number of tower beam elements is 24, which follows the suggestion of JSCE.> Al
lumped masses and beam stiffnesses are determined according to the real wind turbine. The structural damping ratio of the first mode is deter-
mined according to the empirical formula proposed by Oh and Ishihara.® The structural damping ratio of the second mode uses the same value as
that of the first mode as recommended by JSCE.® The soil-structure interaction is modelled by multiple pairs of springs and dashpots in the sway
direction.

The spring stiffness values (Ks;) are calculated by using the model proposed by Vesic,2° and dashpot damping values (Cg;) are calculated by using
the model proposed by Gazetas and Dobry.?1?? Detail information can be seen in Equations (5) to (7). One point to note is that radiation damping

is frequency-dependent and is negligible for frequencies less than 1 Hz.'° Because the modal frequencies of the first mode in both fore-aft and

| FIGURE 3 Monopile foundation-supported
CSn, KSn offshore wind turbine: A, wind turbine; B,
Winkler model [Colour figure can be viewed
(A) (B at wileyonlinelibrary.com]
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side-side directions of MW-size wind turbine are smaller than 1 Hz, radiation damping is neglected for the first mode,?® which means Cg?d equals

to 0 when calculating the modal damping ratio of the first mode. There are many models proposed for the linear soil spring stiffness, such as

24 and

Vesic,?° Francis,?* Roesset,?® Dobry et al,?® Kavvadas and Gazetas,?” and Syngros,28 among which only the models by Vesic,?° Francis,
Kavvadas and Gazetas? relate the soil spring stiffness to both soil properties (p;, u;, Vs;, and Vp)) and pile properties (E,, D, I, and pile length
L). Among these three models, the model proposed by Vesic? is the weakest, but it still overestimates the modal frequency and underestimates

the modal damping in Section 3.4. That is why the model proposed by Vesic?® is used in this study.

Ei \ »/ED* )
Ksi = 0.65(1 —'u,~2> Ve B -2 uevi, (5)

) VoS4
Csi = C° +CgY, cor = 2KSi%7 CeY ~ 2Dp;Vs; |1+ (v—c> ap’, (6)
Si
AV
where Cg;’s and C2¢ are hysteretic damping and radiation damping, respectively, V. = Vs; (z < 2.5D), V. = Vi, = ﬁ(z > 2.5D), ap = wD/Vs,
- Ui

i» Ep, D, and I, are Young modules, diameter, and moment of inertia of the monopile, respectively, and p;, u;, Vs, and Vp; are the same as mentioned
above; B; is the hysteretic damping ratio, and the minimum value is 2% as shown in JSCE.> The procedure to calculate B; is based on Gazetas and
Dobry?! and Damgaard et al*3: Firstly, a 10-minute transient simulation of the operating wind turbine is conducted by the aeroelastic code FAST.?
A wind speed level equal to the measured value just before the emergency shutdown is used to determine the load level when the emergency
shutdown starts. Secondly, the horizontal pile deformation yq4; in each node depth below the soil surface is determined by performing a static
or dynamic deformation analysis using the Winkler model. Thirdly, an equivalent shear strain that yields the same soil material damping can be

calculated based on the formula proposed by Kagawa and Kraft?’ as

1+
(Ye)i = ﬁYd,i- 7)
Once (Ye); is known, the damping ratio B; can be estimated by a nonlinear soil model. The well-organized Hardin-Drnevich model®° is used in

this study to calculate the damping ratio B;. As explained in Section 2.1, the contribution of soil damping caused by the high loading level is not

discussed in this study.

2.3 | Eigenvalue analysis

Modal frequency and modal shape of each mode can be calculated by eigenvalue analysis. The differential equation for undamped vibrations of a

multidegree-of-freedom (MDOF) system is solved.
Mui(t) + Ku(t) =0, (8)

where M and K are the mass and stiffness matrices and u(t) is the displacement vector. In order to find the eigenfrequency f; for the jth eigen-
mode ®%, a harmonic function is applied as a solution to Equation (8).

u(t) = ®Vet, w; = 2nf;. G
Insert Equation (9) into Equation (8) and find the jth eigenfrequency f; and the corresponding eigenmode @Y by solving Equations (10) and (11).

det(K - wM) =0, (10)

(K-w?M)o? —o. (12)

24 | Free decay analysis

Modal damping ratio of each mode can be evaluated by using free decay analysis. The equation of motion for wind turbine can be presented as

Mii(t) + Cu(t) + Ku(t) = f(t), (12)
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where M, C, and K are the mass, damping, and stiffness matrices and f(t), u(t), u(t), and ti(t) are the force, displacement, velocity, and acceleration
vectors, respectively. In this study, the Newmark-beta method is used to solve the equation of motion.

The free decay analysis is performed by exciting the tower with a sinusoidal force wave having the same frequency as the expected mode of
the offshore wind turbine, keeping the force for 20 seconds to reduce transient vibrations and then removing the applied force to allow the off-
shore wind turbine to vibrate freely. The modal damping ratio for the excited vibration mode is then estimated using the envelope function of the
free decay vibration as shown in Equation (13). Before applying Equation (13), the Butterworth filter may be needed to get pure free decay vibra-

tion of the expected mode.

3(t) = Aexp(-wt). (13)

2.5 | Identification of soil parameters

In some cases, the soil parameters are not fully available. In this study, an identification method is proposed to identify soil parameters by using
genetic algorithm (GA)*! and the measurement data, such as the modal frequencies and modal damping ratios of wind turbine. As a global opti-
mization method, genetic algorithm has been widely applied in a broad spectrum of real-world systems such as Si et al.32 In this study, it is used
to search the optimized unknown soil parameters. The procedure of identification is shown as follows:
Firstly, set the layer height as 1 m and divide the soil profile into N layers uniformly. After finishing the identification, check whether the layer
height meets the requirement shown as
Vsi

< |
H= I\/"Fmax7 (14)

where M is a constant and recommended as 4 to 6 and F .., = 1/(2At) and At is the time increment of the excitation.

Then Vs; and Vp; are initially estimated. For the gravity foundation, Vs; and Vp; for the riprap layer are directly taken the same as those of
Naarai layer as shown in Figure 5B. For the monopile foundation, Vs; is estimated by using the Ota-Goto model® and Vp, is obtained from Vs;
and Poisson ratio v; as

Vs, = 68.79NCA71H, 0199 (15)

2 - 2u;
Vpj= Vs '1—_21){’ (16)
1

where H; is the depth of ith layer, E is the coefficient for two typical soil eras, namely, 1 for alluvium and 1.303 for diluvium, and F is the coef-
ficient for different soil types as shown in Table 1. N; for sand and clay as shown in Figure 9B is estimated from the friction angle ¢; and the

undrained shear strength S, ; by using the empirical formula proposed by Oosaki®® as

N2
(4157 o oo

N=)"20 (for san ). (17)
—25“"; 40 (for clay)

Values of F are 1 for firm clay and 1.135 for Reese sand as shown in Table 1. The initial value of E is set as 1, and the initial value of u; is set
as 0.28.

Thirdly, a numerical model is built based on Vs; and Vp; as explained in Section 2.1 or Section 2.2. Eigenvalue analysis and free decay analysis
are carried out to predict modal frequencies and modal damping ratios as presented in Section 2.3 or Section 2.4.

Finally, Vs; and Vp, are obtained through identifying E and v; in the Ota-Goto model® by GA. The range of E is assumed from 0.7 to 1.3, and u; is
from 0.2 to 0.49. For the gravity foundation, N; for the riprap layer is assumed the same as that of Naarai, which is 60 as shown in Figure 5B, and

value of F is 1.448 for the small stone as shown in Table 1. For the monopile foundation, N; and F keep the same as above. During the

TABLE 1 Coefficient F for different soil types

Clay Silver Sand Medium Sand Coarse Sand Gravel Small Stone

1.000 1.086 1.066 1.135 1.153 1.448
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identification, the fitness function is defined as

K 2
Xpre k
2w | Xore < Xmea .
X mea X5 ~ Xmea
fre(x) = s , Wy = "'exi (18)
mea
Xmea k>
Swx | = Xgre = Xmea
X pre

where f(x) is the fitness function, w, is the weight of x, which equals to the initial relative error, xgre is the initial prediction of x,x’;re is the optimal
prediction of x of kth generation, and X, is the measurement of x from field tests, such as the AMD excitation test and the emergency stop test. x
could be the modal frequencies of the first and second modes (f 4, f2) or the modal damping ratios of the first and second modes ({1, ). During

the identification, the generation k is determined by the criteria of relative error and residual, which are shown as

ko _
M < 5% (19)
XITIEB ’
ko _ k-1
M <1073, (20)
Xmea

The relative error is smaller than 5%, which is a requirement from engineering applications. The residual shows the error between two contig-
uous generations, which is smaller than 1072 for the convergence requirement. Once the relative error and the residual meet or the generation
reaches 20, the iteration will stop. Figure 4 shows the flow chart of identification. In Figure 4, K can be Ks and Kg in SR model or Ks; in Winkler
model, while C can be Cs and Cg in SR model or Cs; in Winkler model. f can be f41 and f,, while { can be {; and {,.

When the identification is finished, the relative root means square error of Vs, labeled as rRMSE (Vs), is used to quantify the quality of initial

estimation of soil parameters, which is defined as

3 (VRevien)’
el s

12 .
EPRES

LMo

rRMSE(y) = - (21)

where Q is the number of identified soil layers. ygre is the initial guess of y, yfr“é” is the identified value of y, and y represents Vs.

Spring and Dashpot parameters

(K,O)
No Modal properties
(f, %)

1

" Meet the criteria of relative error and residual
or reach 20 generations

Yes

END

FIGURE 4 Flow chart of the identification procedure
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3 | MODAL DAMPING RATIOS FOR WIND TURBINES SUPPORTED BY THE GRAVITY AND
MONOPILE FOUNDATIONS

In this section, two offshore wind turbines supported by gravity and monopile foundations are discussed. The wind turbine and soil information for
a gravity foundation is first described in Section 3.1, and identification and validation for a gravity foundation-supported wind turbine are inves-
tigated by the SR model in Section 3.2. The wind turbine and soil information for a monopile foundation is then presented in Section 3.3, and iden-

tification and validation for a monopile foundation supported wind turbine are carried out by the Winkler model in Section 3.4.

3.1 | W.ind turbine and soil information for a gravity foundation

The gravity foundation-supported wind turbine in this study is a pitch-regulated MHI 2.4-MW wind turbine located at 3.1 km offshore Choshi,
Japan (hereinafter as MHI wind turbine). The outline of MHI wind turbine is shown in Figure 5A. The hub height is 80 m above sea level, and
the rotor diameter is 92 m. The wind turbine and the steel tower are supported by a gravity foundation up to 10.83 m above sea level. Detailed
information of wind turbine is shown in Table 2. A series of excitation tests using an active mass damper were performed to evaluate the strutural
parameters of the targeted offshore wind turbine. The measured modal frequencies and modal damping ratios are shown in Table 3. The measured
modal shapes by using five accelerometers are shown in Figure 8. The detail information about the exitation tests can be seen in Oh and Ishihara.®

Figure 5B shows the soil profile supporting the gravity foundation. A 2-m riprap layer with the dimension of 30 cm in average is laid under the
foundation to make the ground surface flat. The properties of the riprap layer is unknown, which means the identification of soil parameters is
necessary. The soil under the riprap layer is a 70-m rock layer, which is referred hereinafter as Naarai layer. Naarai is the name of the soil and

distributed throughout Byobugaura seashore, Chiba prefecture. It is a coherent formation and formed by major tuffaceous sandstone and minor

PN

<_ 3 7878m |

L\ !
sé.58 m 58.98m,

\ Actiye Mass Damper

7583 m

Layer 2:

- H=70 . .
38.83 m ////Acc‘e,lf‘rm‘mer 36,58 m, " soil name: Naarai
| Joef”” - H: 2~72m
/ 96 N value: 60
‘ 28 m Vs: 370 m/s
10.83m Vp: 1950 m/s

0 : 1.76 ton/m>
= hmax: 17%
-11.81m 4& Y os: 0.10%
‘ '

(A) (B)

FIGURE 5 Choshi wind power plant: A, outline of the whole system; B, soil information [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Summary of MHI wind turbine

Description Value

Rated power 2.4 MW

Hub height (above MSL) 80 m

Rotor, hub diameter 92 m,4.35m

Tower diameter, thickness 3.00-4.00 m, 0.022-0.038 m
Nacelle and rotor mass 168 730 kg

Tower mass (with equipments) 360 000 kg

Mean sea level (MSL) 1181 m

Substructure diameter, wall thickness 6-21 m,0.5-41 m

Substructure height, oblique cone height 22m, 11 m
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TABLE 3 Comparison of measured and predicted modal frequencies and modal damping ratios

Modal Frequencies Modal Damping Ratios
Mode Measured, Hz Predicted, Hz Error, % Measured, % Predicted, % Error, %
First mode 0.350 0.366 4.52 0.200 0.205 2.50
Second mode 2.980 3.154 5.65 2.400 2.400 0.04

silty tuff. The boring test and the ultrasonic test were carried out to obtain the properties of Naarai layer, which are shown in Figure 5B. S-wave
velocity and P-wave velocity are constant for the whole Naarai layer, so the Vs; and Vp; for the whole Naarai layer are the same.

3.2 | Identification and validation for a gravity foundation-supported wind turbine

The soil parameters of the riprap layer are identified by using the GA-based identification method. The soil profile under the wind turbine is uni-
formly divided into 72 layers with the height of 1 m. For the identification, the population is 50, the crossover probability is 0.9, the mutation prob-
ability is 0.09, and the generation is 20. The relative error of the modal damping ratios and the modal frequencies of the first and second modes in
the identification procedure are shown in Figure 6. It is found that when the generation reaches 20, the relative error of the modal frequency of
the second mode is slightly larger than 5%, which may be because of the measurement error or the approximations introduced by the cone model.
The initial and identified values of Vs; and Vp; are shown in Figure 7. The initial estimation of Vs; for the riprap layer is 370 m/s, while the iden-
tified Vp; is 218 m/s. The rRMSE (Vs;) for the initial value is 98.6% because the riprap layer is much softer than the Naarai layer.

10 - 10
N : Tl —
g P e . i,
5 8 Cang < 8 2nd
g g
(2] H =1
5 6-% g6 R
e £ T
o 3 !
= T
3 E 4
€ © H
kS s i
5 w2
o !
0
. . 0 5 10 15 20
FIGURE 6 Relative error in the 5 . )
identification procedure: A, modal damping eneration Generation
ratios; B, modal frequencies (A) B)
0 \ T :
1
-20
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- mmm=- Vp_initial
E —— Vs_identified H
< 4 - | Vp_identified i
&
o
i
-60 | =
-80 P L P . P
0 500 1000 1500 2000
Vs, Vp (m/s)

FIGURE 7 Initial and identified soil parameters
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Comparisons between the predicted modal frequencies, modal damping ratios, and modal shapes for the first and second modes by using the
initial and identified soil parameters and those of measurements are shown in Table 3 and Figure 8. For fitting the modal damping ratio of
the second mode, the eighth-order Butterworth filter is used to extract the response of the second mode. The Butterworth filter is applied on

the acceleration time series obtained from the free decay analysis, and detail information was mentioned in Oh and Ishihara.® It is noticed that

the predicted modal frequencies and modal damping ratios for both first and second modes match well with the measurements as shown in
Table 3. The predicted modal shapes of the first mode by both SR and FF models match well with the measurements. However, the predicted
modal shape of the second mode by the FF model is underestimated since the FF model cannot describe the motion of foundation. The SR model

with initial value of riprap also underestimates the modal shape of the second mode because the Riprap layer is much softer than the Naarai layer.

3.3 | Wind turbine and soil information for a monopile foundation

The monopile-supported wind turbine in this study is a Vestas V90 3-MW wind turbine in the Belwind wind farm (hereinafter as Vestas wind tur-
bine). The wind farm is located in the North Sea on the Bligh Bank, 46 km off the Belgian coast. The outline of Vestas wind turbine is shown in
Figure 9A. The hub height is 72 m above sea level, and the rotor diameter is 90 m. The wind turbine and the steel tower are supported by a
monopile foundation up to 17 m. The wind turbine information is summarized in Table 4. Two different test cases including emergency stop
and ambient excitation tests were performed to evaluate the strutural parameters of the targeted offshore wind turbine. Measurements are taken

at four levels as shown in Figure 9A by red lines. For the emergency stop case, the wind speed is 6.5 m/s. The measured modal frequencies, modal

80 80
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£ 40 E 40
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(3} I
T 20 20
7
Ob: i
( S i ) . .
o. | Oh & Ishihara (2018) 0 al o ﬁnig Iss:i:hara (2018) FIGURE 8 Comparison of measured and
=~ Initial soil H - S ) redicted modal shapes by the identified soil
—— Identified soil :: — |dentified soil p p Y X
\ , parameters: A, modal shape of the first mode;
02 0 02 04 06 08 1 12 02 0 02 04 06 08 1 B, modal shape of the second mode
\
|
T2m
| \ | 67 m|_
/ [ . \ Layer 1: 0 to 15m, Sand (Reese) ¥ =9.0kN/m3, $ =40°
& i N y 4 37m|
e r ___Atcelerometer
‘ ya Layer2:15 to'17 m; Firm clay Y =85kN/m3; Su=175kPa
Data acquisition P v/ 23m|
system® | 17
- 15 Layer 3: 17 to 26 m , Sand (Reese) Y =9.0kN/m3, ¢ =40°
Avd 0 m‘m‘
229m }
XN
(A) (B)

FIGURE 9 Offshore wind turbine supported by monopile foundation: A, outline of the whole system; B, detail information of monopile
foundation [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 Summary of Vestas wind turbine

Description

Value
Rated power 3 MW
Hub height (above MSL) 72 m
Rotor, hub diameter 90m, 2.32 m
Tower diameter, thickness 2.75-4.25 m, 0.013-0.025 m
Nacelle and rotor mass 109 800 kg
Tower mass 108 000 kg
Mean sea level (MSL) 229 m
Pile diameter, wall thickness 5m, 0.07 m
Pile embedded depth 20.6 m

damping ratio, and modal shapes for the this case are shown in Table 5 and Figure 12. The detail information about these exitation tests can be
seen in Shirzadeh et al.1*34

Figure 9B shows the soil profile supporting the monopile, a 2-m firm clay layer breaks up the continuity of a 24-m stiff sand layer. For the sand
layer, the soil density, p, and the friction angle, ¢, are available, while for the clay layer, the soil density, p, and the undrained shear strength, S, are

available. Since Vs; and Vp; are necessary to build the Winkler model, they are identified from the friction angle and the undrained shear strength
by using the method shown in Section 2.5.

3.4 | Identification and validation for a monopile foundation supported wind turbine

The soil parameters of stiff sand and firm clay are identified by using the GA-based identification method. The soil profile under the wind turbine is
uniformly divided into 21 layers with the height of 1 m. For the identification, the population is 50, the crossover probability is 0.9, the mutation
probability is 0.09, and the generation is 20. The relative error of the modal damping ratio of the first mode and the modal frequencies of the first
mode and second mode are shown in Figure 10. When the generation reaches 20, the relative errors of the modal frequencies and the modal
damping ratios for both first and second modes are under 5%. The initial and identified values of Vs; and Vp; are shown in Figure 11. The initial
estimation of Vs; for the top layer is 123 m/s, while the identified Vs; for the top layer is 94 m/s, which leads to the rRMSE (Vs) being 31%. The
reason might be that the three-dimensional effect is not included in the initial value of Vs; estimated by Ota-Goto model.

TABLE 5 Comparison of measured and predicted modal frequencies and modal damping ratios

Modal Frequencies Modal Damping Ratios

Mode Measured, Hz Calculated, Hz Error, % Measured, % Calculated, % Error, %

First mode 0.361 0.364 0.83 0.850 0.850 0.00

Second mode 1.560 1.558 0.13 - 14.28 -
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FIGURE 11 Initial and identified soil parameters

Comparisons between the predicted modal frequencies, modal damping ratios, and modal shapes for the first and second modes by using the
initial and identified soil parameters and those of measurements are shown in Table 5 and Figure 12. For fitting the modal damping ratio of the
second mode, the eighth-order Butterworth filter is also used to extract the response of the second mode. It is found that the predicted modal
frequencies for both first and second modes match well with the measurements. The same conclusion can be drawn for the modal damping ratio
of the first mode. The predicted modal shapes by both identified soil and initial soil parameters show favorable agreement with the measurements
for both first and second modes as shown in Figure 12. The relative error of the predicted modal frequency by the initial soil parameters is 5.3%
for the first mode and 7.7% for the second mode as shown in Figure 10B. It is noticed that the modal damping ratio of the second mode is much

larger than that of the first mode which was not obtained from the measurements.

4 | EFFECTS OF SOIL PROPERTIES AND FOUNDATION TYPES ON MODAL DAMPING RATIOS

Effect of soil properties on modal damping ratios for the gravity foundation-supported wind turbines is first investigated by a sensitivity analysis
study in Section 4.1. The monopile foundation supported wind turbines are then studied in Section 4.2. Finally, a pair of simple models for esti-
mation of the natural period and modal damping ratio of the first mode for both foundations are systematically examined to clarify the effects of

soil properties and foundation types on these structural parameters in Section 4.3.

4.1 | Effect of soil properties on modal damping ratios for the gravity foundation-supported wind turbines

A sensitivity analysis study is carried out to investigate the effect of soil properties on the modal damping ratios for the gravity foundation-
supported wind turbines. The MHI 2.4-MW offshore wind turbine is installed in Choshi area with different top layers of 2 m and 4 m in depth,
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respectively, as shown in Figure 13. For each depth of top layer, Ripraps with a range of average S-wave velocity (Vs) and a constant Poisson ratio
(v) are used as shown in Table 6. The lower limit of Vs is calculated from N value by using Ota-Goto model.® N value is determined by JSCE,®> which
suggests that N value of sand and rock should be no less than 20 for the gravity foundation-supported wind turbine. The upper limit of Vs is 400
m/s, which is taken as a representative stiffness of engineering bedrock. The soil profile is uniformly divided into 72 layers with the height of 1 m.
Since Vs; and Vp; are given, SR model can be built as explained in Section 2.1. Eigenvalue analysis and free decay analysis are carried out to predict
modal frequencies and modal damping ratios as presented in Sections 2.3 and 2.4. For fitting the modal damping ratio of the second mode, the
11th-order Butterworth filter is used to extract the response of the second mode.

Figure 14 shows the variation of the modal damping ratios of both first and second modes. The modal damping ratios of the first mode of all
cases are close to the structural damping ratio as shown in Figure 14A. This means that soil has little contribution to the modal damping of the first
mode for the gravity foundation-supported wind turbine because the rocking motion for the gravity foundation is restricted and will be discussed
in Section 4.3. However, the modal damping of the second mode is very sensitive to soil properties and strongly depends on the stiffness of the
top layer as shown in Figure 14B. The depth of the top layer has slight effect on the modal damping ratio of the second mode. For Vs smaller than
350 m/s, the modal damping ratio of the second mode increases when the depth of the top layer increases. However, for Vs larger than 350 m/s,
there is little difference in the modal damping ratio of the second mode for the cases with different depths of the top layer. Even though the wind
turbine is built on engineering bedrock (Vs is 400 m/s), the modal damping ratio of the second mode is 0.75%, which is much larger than the struc-
tural damping ratio. The high value of the modal damping ratio of the second mode mainly comes from the contribution of radiation damping,

which is negligible for the first mode but is remarkable for the second mode.

A S
3
S o
://\/ — ﬂ\// = Naarai soil
Engineering
bedrock
y
v SR
(A) (B)

FIGURE 13  Gravity foundation supported wind turbines with 2-m and 4-m top layer depths: A, 2-m top layer; B, 4-m top layer [Colour figure can
be viewed at wileyonlinelibrary.com]

TABLE 6 Summary of soil properties and layer thickness

Layer Thickness, m S-wave Velocity Vs, m/s Density p, t/m> Poisson Ratio, v Soil Type

2 130-400 1.76 0.35 Riprap
4 150-400 1.76 0.35 Riprap
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4.2 | Effect of soil properties on modal damping ratios for the monopile foundation supported wind turbines

A sensitivity analysis study is carried out to investigate the effect of soil properties on the modal damping ratios of the monopile-supported wind
turbines with different pile-embedded lengths and different soil properties under the same excitation force, such as the force and moment acting
at the pile head caused by a wind speed of 6.5 m/s as shown in Shirzadeh et al.2* The same Vestas V90 3-MW offshore wind turbine is assumed to
be installed in Choshi area with pile-embedded lengths of 20 m and 30 m, respectively as shown in Figure 15; 20-m case is referred to Shirzadeh
et al** and 30-m case is referred to Damgaard et al.'® For each pile-embedded length, sands with a range of Vs as shown in Table 7 are used. The
soil profile is uniformly divided into 20 layers for 20-m case and 30 layers for 30-m case with the height of 1 m. Since Vs; and Vp; are given,
Winkler model can be built as explained in Section 2.2. Eigenvalue analysis and free decay analysis are carried out to predict modal frequencies
and modal damping ratios as presented in Sections 2.3 and 2.4. For fitting the modal damping ratio of the second mode, the 11th-order

Butterworth filter is used to extract the response of the second mode.
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FIGURE 15 Monopile foundation supported wind turbines with 20-m and 30-m pile-embedded lengths: A, 20-m pile; B, 30-m pile [Colour figure
can be viewed at wileyonlinelibrary.com]
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TABLE 7 Summary of soil properties and monopile length

Monopile Embedded Length, m S-wave Velocity Vs m/s Density p, t/m? Poisson Ratio v Soil Type
20 100-400 1.94 0.28 Sand
30 100-400 1.94 0.28 Sand

Figure 16 shows the variation of the modal damping ratios for both first and second modes. They are very sensitive to soil properties and sig-
nificantly depend on the pile-embedded length and the soil stiffness. As shown in Figure 16A, the modal damping ratio of the first mode for 20-m
case is larger than that for 30-m case, and the modal damping ratio of the first mode for both cases increases when Vs decreases, since the rocking
motion for the monopile foundation is allowed and will be analyzed in Section 4.3. The modal damping ratio of the second mode is obviously larger
than that of the first mode, but they are reasonable since a value of 7.5% was measured for the modal damping ratio of the second mode for a
Vestas V66 2-MW wind turbine embedded in weathered bedrock in Blyth Offshore Wind Farm.3®

4.3 | Simple models for estimation of natural periods and modal damping ratios of the first mode

Since the dynamic responses of wind turbine under wind and wave are dominated by the first mode, a pair of simple models in ALJ*® are used to

predict the natural period and the modal damping ratio of the first mode for wind turbine and are shown as

T1= \/ T?truc,lst + Tg + Tév (22)

T 3 T 3 T 3
& = Catmeas (}—1“> +s (T—j> + (T—j> : (23)

Here, Ts = 2_T[ _ 2n - Mstruc Tr = 2_1'( 2n —on Istﬁ Zs = Cs _ Cs T = Cr _ Cr
’ ws [Ks V Ks’ WR [ Kr Kg ' > 2Mgrucws  2v/MeucKs T 2lsrucwr  2y/TegucKr
Mstruc Istruc

Tstruc,1st 1S the natural period of the structure fixed at the base, Ts and Tg are the natural periods of sway and rocking motions assuming the struc-
ture is rigid, respectively, and T, is the natural period of the first mode of the whole structure, {yyc 15t is the modal damping ratio of the first mode
of the structure fixed at the base, {s and {z are the damping ratios of sway and rocking motions assuming the structure is rigid, respectively, and {;
is the modal damping ratio of the first mode of the whole structure. mg. is the whole mass of the structure fixed at the base and I is the
moment of inertia of the structure fixed at the base. ws and wg are the circular frequencies of sway and rocking motions, respectively.

The 2-m case of the gravity foundation-supported wind turbine and the 20-m case of the monopile-supported wind turbine are used to eval-
uate the accuracy of the simple models. Comparisons between the predicted natural periods and modal damping ratios of the first mode for the
gravity foundation-supported wind turbine are shown in Figure 17. It is noticed that the predicted natural periods and modal damping ratios of the
first mode by two formulae show good agreement with those by numerical simulations. The predicted natural periods and modal damping ratios of
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the first mode for the monopile-supported wind turbine are studied by using the equivalent SR model, which can be derived from Winkler model.
Detail information are summarized in Appendix A. Comparisons between the predicted natural periods and modal damping ratios of the first mode
for the monopile foundation supported wind turbine are shown in Figure 18. It is found that the predicted natural periods and modal damping
ratios of the first mode by two formulae show good agreement with those by Winkler model and the equivalent SR model. They indicate that
these simple models can be used to predict the natural periods and modal damping ratios of the first mode for wind turbines supported by both
gravity and monopile foundations.

Table 8 shows natural periods and modal damping ratios with different soil stiffnesses for a gravity foundation-supported wind turbine. It is
noticed that the structural period and damping ratio of superstructure including wind turbine and tower are dominant for the natural period and
modal damping ratio for the first mode of the whole structure. This is because the sway motion is strongly restricted by the large friction in the
interface between gravity foundation and soil and the rocking motion is prevented by the large horizontal dimensions of gravity foundation.

Table 9 illustrates natural periods and modal damping ratios with different soil stiffnesses for a monopile foundation supported wind turbine. It

is found that for the modal damping of the first mode of the whole structure, when the soil is stiff, the superstructure is dominant, the rocking

motion contributes the second most, while the contribution from the sway motion is negligible. When Vs equals to 400 m/s, the superstructure

4 2
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TABLE 8 Variation of periods and damping ratios with soil stiffness for a gravity foundation-supported wind turbine

Vs, m/s Ty, s Tstrucast: S Ts, s Tr, s &, % Gstrucast % i % & %
150 2.72 2.72 0.24 0.44 0.22 0.20 1291 3.05
200 272 2.72 0.20 0.36 0.21 0.20 15.89 3.62
250 2.72 2.72 0.18 0.31 0.21 0.20 18.78 4.28
300 2.72 2.72 0.17 0.29 0.21 0.20 20.92 4.79
350 2.72 2.72 0.16 0.28 0.21 0.20 22.48 5.19

400 272 272 0.16 0.27 0.21 0.20 22.99 5.32
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TABLE 9 Variation of periods and damping ratios with soil stiffness for a monopile foundation supported wind turbine

Vs, m/s Ty, s Tstruc,1st S Ts, s Tr, s G, % Gstruc,1st % % & %
150 276 229 0.30 1.50 0.96 0.20 25.38 5.01
200 2.62 229 0.22 1.25 0.49 0.20 18.19 3.22
250 2.55 229 0.18 112 0.36 0.20 15.60 249
300 2.52 229 0.15 1.03 0.31 0.20 15.50 2.25
350 2.50 229 0.13 0.98 0.29 0.20 17.24 2.25
400 248 229 0.12 0.94 0.28 0.20 17.28 2.14

contributes to 71% of the modal damping ratio of the first mode and the contribution from the rocking motion is 29%. However, when Vs
decreases to 150 m/s, the modal damping ratio of the first mode is almost five times larger than the structural damping ratio and mainly comes
from the rocking motion. This is because the monopile is free to rotate at the mudline if the stiffness of soil is small. The contributions from the
sway motion to the modal damping of the first mode are always negligible because the sway motion is strongly prevented by the lateral soil resis-

tance along the whole pile.

5 | CONCLUSION

In this study, modal damping ratios of offshore wind turbines supported by the gravity and monopile foundations are systematically studied and
validated by the field measurements. Conclusions are summarized as follows:

1. A GA-based identification method is proposed and used to identify soil parameters. Predicted modal damping ratios and modal frequencies as
well as modal shapes for the first and second modes by identified soil parameters show good agreement with the field measurements for the
gravity foundation-supported wind turbine. The increase of the modal damping of the second mode for the gravity foundation-supported

wind turbine comes from the contribution of the riprap layer, which is much softer than the original soil.

2. The damping ratio of the second mode for the monopile foundation supported wind turbine is also evaluated by the identified soil parameters,
which could not be estimated by emergency stop. Predicted modal frequencies and modal shapes for the first and second modes as well as
modal damping ratio for the first mode by identified soil parameters show good agreement with the field measurements for the monopile foun-

dation supported wind turbine.

3. A sensitivity analysis study is carried out to investigate the effects of soil properties and foundation types on modal damping ratios. For the
gravity foundation-supported wind turbine, only the modal damping ratio of the second mode significantly depends on the soil stiffness, while

for the monopile foundation supported wind turbine, the modal damping ratios of both modes strongly depend on the soil stiffness.

4. Predicted natural periods and modal damping ratios of the first mode by a pair of simple models agree well with those by numerical models for
the offshore wind turbines supported by the gravity and monopile foundations, and the contributions to the modal damping ratio of the first
mode from the foundations are clarified by these simple models.
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APPENDIX A

An equivalent SR model derived from Winkler model

1,37 and the derivation of the damping values of dashpots is proposed by

The derivation of the stiffness values of springs can be found in Jalbi et a
the authors. The details are given as follows:

Firstly, apply a unit force at the mudline in Winkler model to get the horizontal and rotational displacements (cih, ¢,,) and apply a unit moment
at the mudline in Winkler model to get the horizontal and rotational displacements (cy,, ¢;).
Chh Crh

} and derive the stiffness matrix
Chr  Crr

Then assemble the horizontal and rotational displacements into the flexibility matrix [C] = [

1 1
K] = { /eah 1/
1/Chr 1/Crr
Finally, derive the damping values by Equations (A1) and (A2).

]. Here, Ks = 1/ch, and Kg = 1/c,, are the springs in the equivalent SR model.

B B
= 2Kg— = Kg—, Al
Cs S Safy (A1)
Cr = 2KR£ = KRi, (A2)
w1 nifq

where f4 is the frequency of the first mode of Winkler model and § is a coefficient, which is similar to soil damping ratio. The damping form is
assumed the same as that in Winkler model, and S8 is identified by equalizing the first mode damping ratios in Winkler model and the equivalent
SR model.



